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Introduction

Synthesis and dielectric properties of
nanocrystalline oxide perovskites,
[KNb03]1_X[BaNi0_5Nb0_503_5]x, derived from
potassium niobate KNbOz by gel collectionf

Julien Lombardi,?°° Frederick Pearsall,®°° Wanlu Li°® and Stephen O'Brien*°°

Inorganic materials synthesis techniques that can approach low temperature routes akin to chemical
solution processing are attractive for their ability to prepare nanocrystalline oxides. These methods can
offer thin film integration options more compatible with modern device platforms such as spray coated or
printed devices (2D, 3D) and flexible electronics. A chemical solution processing method based on sol-gel
chemistry was used to obtain a set of perovskite compounds of the formula [KNbOs]; ,[BaNigsNbg 503 sl
called KBNNO, a class of visible light absorbing ferroelectric photovoltaic materials, with a tunable band-
gap as a function of x. The materials produced were fully crystallized with average nanoparticle sizes of
15-20 nm (KNO) and 20 nm (KBNNO). Control over the composition of KBNNO was based on the
synthesis of nanocrystalline potassium niobate KNbO3 (KNO) via potassium and niobium ethoxides, with
subsequent chemical reaction of complimentary barium and nickel alkoxides and methoxyethoxides.
Characterization by Raman, TEM, SEM, XRD, and EDS confirms structure and composition. Following the
introduction of Ba and Ni, a transition from the original orthorhombic Amm?2 unit cell (x = 0) to a more
complex atomic arrangement in cubic Pm3m (x > 0.1) is observed. This synthetic route to KBNNO,
previously only synthesized by solid state processing at 1050-1200 °C, provides a lower temperature
(<525 °C) approach to doping ferroelectric KNbO3z with Ba and Ni, which inserts Ba®* onto the A-site,
and Ni* onto the B-site with the addition of oxygen vacancies for charge compensation. Frequency
dependent dielectric measurements, performed on KNO-PFA (poly furfuryl alcohol) and KBNNO-PFA
nanocomposites, show stable effective dielectric constants of 41.2, 70.8, 94.0, and 108.3 for KNO,
KBNNO x = 0.1, 0.2, and 0.3 respectively at 1 MHz. Using full error analysis and the modified interphase
model, a Maxwell-Garnett based micromechanics approach, the dielectric constant of the individual
nanoparticles of KNO, KBNNO x = 0.1, x = 0.2, and x = 0.3 were calculated to be 154, 180, 225, and
255 respectively. The decrease in observed values relative to bulk films is attributed to a potential particle
size suppression of the ferroelectric behavior.

powered lasers. KNbO; is of particular interest to many scientists
because of its high temperature ferroelectricity and piezoelectricity,

Of the perovskite class of ferroelectrics, potassium niobate
(KNbOs3) is one of the most studied due to the range of inter-
esting properties attainable.””> KNbO; has a nonlinear optical
response,’ due to its spontaneous polarization at room tem-
perature, as well as frequency doubling” in low and medium
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useful for device functionality, with the added benefit of being lead
free."” Furthermore, the possibility of doping the structure with
elements allows for the properties to be further modified or
tuned.>” Traditional solid state methods to synthesize KNbO;
use high temperatures in the range of 1100-1200 °C.

Recently the prospect of using perovskite oxides for visible-
light-absorbing ferroelectric and photovoltaic materials has been
reported, and KBNNO has gained attention for its performance
as a ferroelectric photovoltaic.*® The proposition is that the
presence of strong inversion symmetry breaking from sponta-
neous electric polarization can promote the desirable separation
of photo-excited carriers, allowing voltages above the bandgap,
which may enable efficiencies beyond the maximum possible in
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a conventional p-n junction solar cell. It has been shown that
the parent compound, KNbO; (KNO), can be doped with Ba
and Ni at various controlled stoichiometries in order to produce
[KNbOs]; ,[BaNiy sNbg 505 5] This perovskite oxide material has
been shown to exhibit both ferroelectricity and a wide variation of
the direct bandgap in the range 1.1-3.8 electronvolts.® In the case
of x = 0.1, KBNNO is polar at room temperature, has a direct
bandgap of 1.39 eV® and a recorded photocurrent density much
larger than that of classic ceramic ferroelectrics, for example
50x larger than (Pb,La)(Zr,Ti)O;. A common problem in
most ferroelectric photovoltaic materials is the wide band gap
(usually >3.0 eV), which makes absorbing visible light a
challenge. Introducing the Ni** onto the B-site and oxygen
vacancies by mixing BaNiysNby ;05 s (BNNO) with KNbO;
effectively allows for a tunable band gap of 1.1-2.0 eV,*° which
is much lower than the band gap of KNbO;, 3.16 eV.'® The
ability of KBNNO to absorb three to six times more solar energy
than the current ferroelectric materials suggests a route to
viable ferroelectric semiconductor-based cells for solar energy
conversion and motivates the exploration of synthetic routes to
KBNNO and its analogues. In this paper we demonstrate that
sol-gel derived chemical solution processing methods can be
readily adapted for the synthesis of KNbO;, and show that
doping to produce KBNNO, with compositions x = 0.1-0.3, is
achievable. We performed structural and morphological charac-
terization of these ferroelectric nanocrystalline systems, combined
with in depth analysis of their dielectric properties in nano-
structured and nanocomposite form.

Given that KBNNO can be viewed as a doped version of KNO,
the first obvious route to making the compound is by ceramic
processing at high temperatures, but such methods limit the
imagination in terms of how this material may ultimately be
adopted in device technology. A universal challenge, both in the
commercial and university R&D settings is to develop alterna-
tives to high temperature ceramic processing (firing, sintering
or calcination), that can allow for a broader range of ceramic
technologies to be integrated more effectively with circuit design,
and open more technology avenues such as flexible electronics,
novel device topologies, and roll-to-roll fabrication."" ™ In this
work we put forward a chemical solution method to synthesize
both KNbO; and KBNNO by a hybrid sol-gel, non-aqueous
synthesis known as gel collection."®" It is a precursor driven
technique that allows for doping of nanocrystalline KNbO; with
Ba and Ni to make [KNbO;], _,[BaNi, sNb, 503_s], (KBNNO). We
previously reported a simple, green and scalable “‘self-collection”
growth method to produce uniform and aggregate-free colloidal
perovskite oxide nanocrystals including BaTiOj; (BT), Ba,Sr; ,TiO;
(BST) and BaSrTiHfO; (BSTH) in high crystallinity and high
purity.'® The synthesis approach is solution processed, based
on the sol-gel transformation of metal alkoxides in alcohol
solvents with controlled or stoichiometric amounts of water
and in the stark absence of surfactants and stabilizers. Under a
static condition, the nanoscale hydrolysis of the metal alkoxides
accomplishes a complete transformation to fully crystallized
single domain perovskite nanocrystals with a passivated surface
layer of hydroxyl/alkyl groups, such that the as-synthesized
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nanocrystals can exist in the form of super-stable and trans-
parent sol, or self-accumulate to form a highly crystalline solid gel
monolith of nearly 100% yield for easy separation/purification.
We sought to adapt this method for the synthesis of KNO and
KBNNO, and then study the structure and dielectric properties
that can be attained.

Experimental

Potassium ethoxide (KOC,H;) 24 wt% in ethanol and niobium
ethoxide (Nb(OC,Hs)s) 99.95% trace metals basis were purchased
from Sigma-Aldrich®. Nickel 2-methoxyethoxide (Ni(O(CH,),OCHs),)
5% w/v in 2-methoxyethanol and barium ethoxide (Ba(OC,Hs)s)
99.5% (metals basis), 10% w/v in ethanol were purchased from
Alfa Aesar™. Pure ethanol (200 proof) was purchased from Decon
Labs, Inc. All chemicals were used without further purification. In a
typical synthesis, mmol amounts of alkoxide precursors were used
according to the target stoichiometry. For example, for the synthesis
of KNbO;, 1.6 mmol of KOC,H; was combined with 1.6 mmol of
Nb(OC,Hs)s, and for the synthesis of [KNbOs]y o[BaNig sNbg 505 s]o.1,
1.44 (1.6 x 0.9) mmol of KOC,Hs was combined with 1.52 ((1.6 x
0.9) + (0.5 x 1.6 x 0.1)) mmol of Nb(OC,Hs)s, 0.16 (1.6 x 0.1) mmol
of Ba(OC,H;), and 0.08 mmol of Ni(O(CH,),OCHj;),.

All compounds were synthesized under nitrogen in a glovebox
by adding stoichiometric amounts of KOC,Hs; and Nb(OC,Hj5)s;
to 40 mL of ethanol and magnetically stirring for 30 min. 2 mL
of deionized water was then added drop-wise via a 5 mL syringe.
A white precipitate formed and the resulting suspension was
stirred for another 10 min. The suspension was then trans-
ferred out of the glovebox and into a Teflon-lined stainless steel
autoclave. The autoclave was then heated to 180 °C for 48 h. The
white gel produced from this process is collected by centrifuga-
tion (8500 rpm for 20 minutes), and then heated to 525 °C in
air. A white powder is produced. The calcination temperature of
525 °C was found to be the minimum optimal temperature for
producing crystalline material. KBNNO was synthesized using
Ba(OC,H;), and Ni(O(CH,),0OCH3;), in addition to KOC,Hs and
Nb(OC,H5)s. The powders were collected and used as is for
characterization.

Characterization

The resulting nanopowders were characterized by X-ray powder
diffraction (XRD), Raman spectroscopy, transmission electron
microscopy (TEM), and scanning electron microscopy (SEM). The
XRD measurements were performed on a PANalytical X'Pert Pro
using Cu Ko radiation. The Raman spectra were measured on a
home-built microscopic Raman spectrometer with a 40x objective
and a Princeton Instruments Raman detector (model #PK244M-
01AA-C3) using an 1800 ¢ mm ™ " grating with an air-cooled CCD
detector. All Raman spectra were taken with a 488 nm excita-
tion wavelength. In order to resolve the active modes, Origin
(OriginLab, Northampton, MA) software was used. Samples for
the TEM were prepared by placing 5 pl of the nanocrystalline
powder dispersed in ethanol solution on a carbon coated copper
grid. TEM micrographs and energy-dispersive X-ray spectroscopy
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(EDS) were recorded on a JEOL 2100 microscope. Cross sectional
SEM samples of the 0-3 nanocomposite were prepared by freeze
cracking the nanocomposite pellets with liquid nitrogen. The
SEM micrographs were recorded on a Supra 55 SEM.

Impedance analysis was performed on all samples in order
to measure the frequency dependent dielectric constant. The
powders were pressed into a pellet by applying 15-20 MPa of
pressure using a Cyky 12T Laboratory manual powder metallurgy
press machine and a 0-3 nanocomposite was made by applying
an appropriate amount (enough to cover the surface) of furfuryl
alcohol (FA) to the surface of the pellet. The nanocomposite was
then heated to 100 °C for 6 hours to encourage polymerization
into poly furfuryl alcohol (PFA). A piece of copper conductive
adhesive tape was placed on a glass substrate and then a silver
contact bottom electrode was made using MG Chemicals 2 part
silver conductive epoxy. The 0-3 nanocomposite pellet was then
placed on top of this electrode and a top circular electrode was
made on top of the pellet. The capacitance and dielectric loss
tangent were measured over the range of 100 Hz-2 MHz using an
Agilent E4980A Precision LCR Meter.

Results and discussion
Structural characterization

Gel collection was applied to the synthesis of KNbO; and
KBNNO ceramics in which nanocrystalline powders can be
produced from solvothermal treatment of alkoxide precursors,
following a low temperature (<550 °C) calcination step. In
order to generate KBNNO, [KNbO;]; ,[BaNij sNbg 503 5]y, itis a
reasonable thought experiment to start with KNO (KNbO;) and
introduce increasing amounts of Ba and Ni dopants to the
lattice. The XRD patterns of KNbO; and KBNNO ceramics for
x=0.1, 0.2 and 0.3 are shown in Fig. 1. The Bragg reflections of
KNbO; (x = 0) can be indexed to the orthorhombic crystal
system of Amm2,"” typically observed for this structure. In order
to confirm the structure, nanopowders of KNbO; were further
heated to 700 °C and 900 °C (ESI, Fig. S2), showing an increase
in the resolution and intensities of the XRD profile. It was also
possible to perform Rietveld analysis on these powder spectra,
including the data acquired at 525 °C. The unit cell parameters
obtained for KNbO; are a = 3.99323 A, b = 5.68794 A, and
¢ = 5.70066 A. Rietveld simulation confirmed the structure to be
the orthorhombic crystal system with space group Amm?2, details
are provided in the ESIf (Fig. S1, and Table S1).

In the case of KBNNO for x = 0.1-0.3 one can observe a
change in the powder diffraction profile, in which the Bragg
reflections index well to the cubic crystal system of Pm3m.'® In
particular the distinction between the (110)/(001) and (220)/(002)
Bragg reflections in peak sets at around 22 and 45 20, clearly
observable in the case of KNbOj3, converge and indexing to (001)
and (002) becomes preferable. This appears to be an indication
of the onset of a transformation of the crystal structure from
orthorhombic to cubic, with increasing value of x. This is also
consistent with previously reported XRD data of KBNNO pre-
pared by traditional solid state synthesis.® Due to nanocrystallite
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Fig.1 XRD patterns of: (a) KNbOs, (b—d) [KNbOs];_,[BaNigsNbg 5035«

KBNNO (b) x = 0.1, (c) x = 0.2, (d) x = 0.3, all samples shown were sintered
to 525 °C for 2 h.

size Bragg reflection broadening, it is difficult to determine a
shift in 20 due to doping of Ba®>" and Ni*" into the crystal lattice.
The larger Ba>" ionic radius in comparison to K" should induce a
change in the lattice parameters but Rietveld analysis of this
high symmetry set of Bragg reflections was inconclusive, due to
the number of possible space groups, and variable coordinates
for Ba and Ni. DFT calculations on KBNNO have previously
relied on a structural model using a 60 atom perovskite-based
supercell.® The introduction of a BNNO portion into the crystal
lattice of KNbO; appears to change the morphology of the crystal
to cubic with increasing BNNO as seen in Fig. 2. By KBNNO
x = 0.3, the nanocrystalline powders are completely cubic.

The samples were further evaluated for morphology and degree
of crystallinity by transmission electron microscopy (Fig. 2).
All samples were observed to be nanocrystalline powders. The
morphology of KNO appeared to adopt a more rounded char-
acter whereas the KBNNO samples (x = 0.1 to 0.3) had well
defined cubic edges. The average particle size may have been
affected by the addition of BNNO into the crystal lattice. KNbO;
had an average particle size of ~20 nm whereas with increasing
BNNO concentration, we were able to attain crystals of 20 nm
and smaller. All samples are polycrystalline as shown by the
selected area diffraction in Fig. 2.

To distinguish between KNO and KBNNO, and to further
confirm inclusion of the Ba and Ni ions into the lattice, Raman
spectroscopy was performed on all samples. The recorded
Raman spectra are shown in Fig. 3. There are 4 modes in the
low to mid wavenumber region (100-400 cm ™). The A,(TO,LO)
mode at ~280 cm ™" corresponds to a BOg bending vibration,’
while the A;(TO) and the B,(TO) at ~245 cm " and 188 cm "
respectively, are indicative of a long-range polar order as seen by
Luisman et al.'® The B,(TO) mode has been reported by Quittet
et al.*® and Shen et al.>* A weak overtone is seen at ~890 cm™ " in
the KNbO; Raman spectrum and is a combination of the B,(TO),
A4(TO) (245 cm™ ') and the B4(TO) (535 cm™'). Upon increasing
x value (x > 0.1) the Raman spectrum changes rather
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Fig.2 TEM images of (a) KNbOsz, (b—d) [KNbOs]; ,[BaNigsNbgsO3_slx
KBNNO (b) x = 0.1, (c) x = 0.2, (d) x = 0.3, all samples shown were sintered
to 525 °C for 2 h. Insets: Corresponding selected area electron diffraction
patterns.

dramatically as seen in Fig. 3(b). Most notable is the dis-
appearance of the A;(TO,LO) mode at ~296 cm ™' in favor of a
broadening of the A;(TO) mode as denoted by v;. It is important
to note that there is a shift in frequency in the A;(TO) mode at
~605 cm ™' and B,(TO) mode at ~534 cm ' as denoted by
v4 and vs which are at ~537 ecm ™" and ~581 cm ™' respectively.
Furthermore, these two modes, v, and vs, coalesce to form one
broad mode at ~563 cm™ ' as x > 0, which can be attributed to
the change in crystal structure from orthorhombic (KNbOj3) to
cubic (KBNNO x > 0.1). The A;(LO) mode (~ 834 cm™ ') shows a
shift to ~824 cm™ " and a new mode, denoted by v, arises with
increasing Ni*" concentration at ~880 cm ™', which is in agree-
ment with Zhou et al.,” and corresponds to a BOg octahedral
stretching due to the presence of Ni**. There is also a frequency
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dip at 200 em " in Fig. 3(a) and (b) along with the above
mentioned peaks A;(LO) and the v peak which are observed by
Grinberg et al.® and Zhou et al.® which have been identified as
signatures of ferroelectricity in KNbOs-based solid solutions.>?

Synthesis mechanism

Solution processed methods for preparing high quality
inorganic oxide films and composites, especially ones that
can be generalized™ are of great interest.>>>> Low temperature
chemical methods may prove cheap and easy to integrate within
an existing manufacturing framework, or prove compatible with
a disruptive approach, such as printing or spray coating. Second,
R&D efforts can take advantage of low temperature techniques to
discover new compounds due to the ability of introducing
dopants via chemical reaction.”*° In traditional sol-gel reac-
tions, transformation to an extended amorphous inorganic
polymer network proceeds through acid/base catalyzed hydro-
lysis in water, of metal alkoxides and metal chlorides, and the
sol-gel is continuous, within liquid and gel.*” The reactions take
place in air with little or no attention paid to the effect of O,, CO,
and mineral contaminants, be they dissolved in the solvents or
at the interface, however, both oxygen and dissolved carbonic
species can greatly influence the reaction pathway. Oxygen and
water both oxidize the metal centers but via different inter-
mediates, and the formation of carbonates is highly thermo-
dynamically favored, and can hamper opportunity for more
mixed metal/valence structures. In the process we outline here,
the initialization of the reaction takes place at near room
temperatures. Non-aqueous polar protic solvent environments
are used without ligands to avoid (i) an abundance of organic
content, and (ii) interference with the kinetics of oxide forma-
tion. Metal-oxide bond formation is initiated by stoichiometric
quantities of water - H,O is used as molar reactant — but the gel
is not miscible with the solvent and precipitates out. Unlike
sol-gel, the controlled use of hydrolysis agents is simultaneously
performed with rigorous exclusion of O,, CO, etc. Rather than
controlling nucleation and growth using passivating ligands (as is
the case in nanoparticle synthesis), the consumption of reactant
in the alcohol medium at near room temperature prevents
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Fig. 3 (a) Raman spectrum of KNbO3z measured with an excitation wavelength of 488 nm (black line), fitted spectrum (red line) resolved modes (green line),
(b) Raman spectra of KBNNO x = 0.1-0.3 with an excitation wavelength of 488 nm.
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further growth. The surface states of oxide perovskite nano-
crystals produced by this method have been shown to be short
chain groups (methoxy, ethoxy) in low density."”

KNbO; is a well-known perovskite oxide with the general
structure of ABO; where Nb resides in the octahedron surrounded
by the 6 O atoms. Upon addition of nickel ions into the unit cell,
oxygen vacancies are generated® with local structure Ni*'~Vo-Ni**
and Ni**~Vo-Nb®" due to charge balancing. We further investi-
gated the chemical route for synthesizing KNbO; and KBNNO
(mechanism provided in ESI,t Fig. S3), for which the molecular
precursors are metal alkoxides. Our postulated synthesis mecha-
nism is summarized as follows: on addition of a stoichiometric
amount of water to the solution of KOC,H; and Nb(OC,Hj;)s in
ethanol for KNbO;, and KOC,Hs, Ba(OC,Hs),, Nb(OC,Hs)s, and
Ni(O,C3H5), in ethanol, nucleophilic attack by the H,O molecule
on the positively charged Nb and Ni atoms leads to an inter-
mediate octahedrally coordinated Nb and a tri-coordinated Ni
atom center:

Nb(OCH,CH;); + H,0 — Nb(OH,)(OCH,CH,);~ (1)
Ni(O(CH,),0CHj3), + H,O — Ni(OH,)(0,C3H,),~  (2)

Nb(OCH,CH3;)s is likely the driving force of reactivity in this
reaction as it is the most electrophilic of the molecular pre-
cursors similar to Ti(OiPr), in the synthesis of BST nano-
particles.” The close proximity of Ni(O(CH,),OCH,), due to the
homogenous mixing in solution allows for even substitution into
the octahedron which may otherwise not occur. The counterions,
Ba®" and K' then coordinate with the negative six-coordinated
Nb(OH,)(OCH,CH3;)s  and Ni(OH,)(0,C3H5), in order to provide
charge balancing. There is then a transfer of a proton from the
H,O molecule to the negatively charged alkoxy group, ethoxide for
Nb, and 2-methoxyethoxide for Ni. The transfer of the proton
leads to the elimination (alkoxolation) of the corresponding
alcohols, HOCH,CH; and HO(CH,),CHj. At this point the
solution is put into a stainless steel Teflon lined autoclave at
180 °C for 2 days. This aids the process of the formation of the
Nb-O-Nb and Nb-O-Ni bonds through polymerization. The
amorphous powders are then collected by centrifugation and
the condensation/crystallization process occurs upon sintering
at <525 °C. Previous syntheses of KBNNO involved the use of
stoichiometric quantities of dried K,COjz;, BaCOj;, NiO, and
N,O; powders. The powders were ball-milled and then calcined
at 900 °C and then further sintered to 1050-1250 °C.%°
The chemical route to the synthesis of KBNNO described here
provides a lower temperature of crystallization due (i) the
hydrolysis of metal alkoxides and (ii) the final crystallite size
obtained.

Dielectric properties

The dielectric properties of nanocrystalline KNO and KBNNO
were investigated in both compressed pellet form and as a
polymer-nanoparticle 0-3 nanocomposite. The permittivity
values were analyzed in the context of a full assessment of
error and uncertainties, and compared with literature reported
values for the bulk. Given that both materials are ferroelectric,
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high values of permittivity are expected, however, interpreta-
tion of the frequency dependent measurement requires care,
due to the nature of how the dielectric constant is obtained for
such a materials sample, which could be described as inhomo-
geneous. In such cases one must account for the interstitial
void space and electrode-dielectric interface that can contribute
to charge effects. The Maxwell-Wagner-Sillars polarization effect
is essentially the observation of charge phenomena (space charge,
adsorbed mobile species) when acquiring dielectric measure-
ments. The effect occurs either at inner dielectric boundary
layers on a mesoscopic scale, or at the external electrode-sample
interface on a macroscopic scale. In both cases separation of
charge can occur, which contributes to the low frequency dielectric
behavior and to increased dielectric loss.

In the samples prepared here, an effective medium approxi-
mation is being applied de facto, when the impedance measure-
ment is acquired, to a 0-3 nanocomposite. In the first case, the
0-3 host-filler construction is air-nanoparticle (Fig. 4), and in
the second case the 0-3 host-filler construction is polymer-
nanoparticle (Fig. 5). An important question that arises is how
much of the contribution to the effective dielectric constant is
due to the intrinsic behavior of the nanocrystalline KNO/KBNNO
materials (originating from ion displacement from within the
lattice), versus the contribution of mobile charges on the surface
of, or between the nanoparticles.

Nanocrystalline KNO and KBNNO were first pressed into a
pellet (15-20 MPa) with dimensions of approximately 5 mm
diameter and 100 pum thickness. The nanostructure of the
pressed pellet was taken by SEM (Fig. 6) and shows the uniform
particles contiguously packed. These pellets were subsequently
prepared for impedance analysis. The measurement of this 0-3
air-nanoparticle pellet was acquired, mainly for comparison,
and to observe the contribution of Maxwell-Wagner-Sillar polar-
ization. In order to measure the dielectric properties without the
interference of space charge and surface species from the pure
nanocrystalline sample, nanoparticle-polymer composites were
prepared. Void space between the nanoparticles can be elimi-
nated with the introduction of a polymer, backfilled as a mono-
mer and polymerized in situ. We previously reported the use of
poly furfuryl alcohol as an ideal polymer of known dielectric
constant for this purpose.'® Furfuryl alcohol (2-furanmethanol,
referred to by some vendors as furfural alcohol, abbreviated here
as FA) is a versatile solvent that shows good affinity to the surface
of oxides of this kind and good compatibility with various
solvents. The polymerization process occurs with heating in
the presence of the nanoparticle surface without the addition
of any acid catalyst. FA was therefore used as an effective void
filler as well as a polymerizable solvent to prepare densely
packed nanocrystal/polymer 0-3 composites with dramatically
improved and stabilized dielectric properties over a wide range
of frequencies and improved mechanical strength and adhesion.
The 0-3 nanocomposite was made by applying enough furfuryl
alcohol (FA) to cover the surface of the pellet. The nano-
composite was then heated to 100 °C for 6 hours to encourage
polymerization into poly furfuryl alcohol (PFA). The mecha-
nism of FA acid-catalyzed polymerization of furfuryl alcohol

This journal is © The Royal Society of Chemistry 2016
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loss of KNbO3z and KBNNO x = 0.1-0.3 nanocomposite pellets over a frequency range of 100 Hz-2 MHz. The pellets are essentially a nanoparticle/air
0-3 nanocomposite. The volume fraction of nanoparticle is presented in Table 1.

150

140 3
130 4
120
g 110
@ 100
8 90
2 80
8 70
a8 604
2 50
T 40
E 30_—KNb03+PFA
20 J——KBNNO X=0.1+PFA
10J—— KBNNO X=0.2+PFA @)
o 1, 110 o
10° 10° 10 10° 10°

Frequency (Hz)

0.50

E —— KNbO +PFA
0.45 —— KBNNO X=0.1+PFA
_— —— KBNNO X=0.2+PFA
’ —— KBNNO X=0.3+PFA|
0.354
2 0304
o
o |
© 0254
B E
D 0.20
2
8 0.15 4
0.10
0.05
0.00 L s o S —
10° 10° 10 10° 10°
Frequency (Hz)

Fig. 5 (a) Effective dielectric constant of KNbOs/PFA and KBNNO/PFA x = 0.1-0.3 nanocomposites over the frequency range of 100 kHz-2 MHz,
(b) dielectric loss of KNbOz/PFA and KBNNO/PFA x = 0.1-0.3 nanocomposites over the frequency range of 100 kHz—-2 MHz.

(the acid-catalyzed chain extension of -CH,OH ended furfuryl
alcohol oligomers) has been described previously by Dunlop
and Peters, and subsequent reports.>'** It is assumed that the
-CH,OH groups react with the C5 carbon of a neighboring
furfuryl alcohol moiety to produce a polymer with methylene
cross links (see ESI,f Fig. S9), combined with the mutual
reaction of -CH,OH groups to produce methylene ether links
in both cases with the elimination of water. The methylene
ether group undergoes decomposition, especially at elevated
temperature (>90 °C) with the elimination of formaldehyde
(CH,0) to produce methylene cross-links. During nanocompo-
site formation, the elimination of H,O and CH,O are observed,
and it is supposed that the nanoparticle surface alkoxy groups
(-ROH) combined with heating provide sufficient conditions
for FA polymerization.

The dielectric constant of the KNbO3;/PFA and KBNNO
x = 0.1-0.3/PFA nanocomposites was measured over the fre-
quency range of 100 Hz to 2 MHz. The dielectric loss of these

nanocomposites was also measured on the same instrument.
It is shown, in the cross sectional analysis in Fig. 6, that the PFA
polymer infiltrated the pellet and filled the void space very well.
The confirmation by SEM, combined with the notable improve-
ment in the dielectric measurement, namely the observation of a
straighter line as a function of frequency, provides strong evidence
that (i) the composite pellet is a 0-3 construction, composed of
PFA/KN-material and not void space; (ii) the effective permittivity
acquired using impedance analysis is overwhelmingly due to the
intrinsic nature of the material, and not from Maxwell-Wagner—
Sillars (M-W-S) polarization effects. The second issue of whether
charge accumulation is occurring between the material and the
electrode is also important to analyze. The dielectric loss values
are observed to be in the range 0.02-0.05, suggesting that the
contacts are of sufficient quality to proceed with analysis of the
intrinsic dielectric constant. These dielectric loss values are, we
believe, very promising, for bench top measurements of capaci-
tance under normal atmospheres.
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Fig. 6 (a) SEM top view of pellet of KBNNO (x = 0.2) without PFA showing a relatively uniform nanostructured morphology with an average particle of
size of ~20 nm, (b) SEM top view of pellet of KBNNO (x = 0.2) with PFA infiltration, (c) SEM cross section of pellet of KBNNO (x = 0.2) with PFA infiltration,

(d) SEM cross section of pellet of KBNNO (x = 0.2) with PFA infiltration.

The nanocomposite pellets can be considered a 0-3 type
composite made up of nanocrystal fillers (granular) with high &,
distributed evenly in a continuous dielectric PFA polymer host
matrix. It is important to assess the effective dielectric constant,
&eff, Of the 0-3 nanocomposite as a whole by taking into account
the volume fraction of the high & dielectric nanocrystal. If the
volume fraction of the high k component is not in the majority,
there will be a negligible impact on eegr.” A modified approach
to the Kerner model**** with correction of the volume fraction
can be used in order to calculate the effective dielectric con-
stant and is expressed as:

en X vy + & X vp X (A)(B)

Eeff = Vh—|—Vf><(A)<B) )
3 3 _
whereA:Aandel_yM
& + 2ep er + 26n

where ¢, and ¢ are the dielectric constants of the host and the
filler respectively and vy, and v; are the volume fractions of the
host and filler respectively. The Kerner model** along with its
variants®>® take into account the influence of particle-particle
dipolar interactions as well as their effects on the dielectric
medium in which they are dispersed in. As a micromechanical
model, the Kerner model attempts to achieve a reasonable
approximation for calculating the dielectric constants based
on a high volume fraction of filler spherical particles.

A pellet of pure nanocrystal, as seen in Fig. 6(a) is porous and
has significant void space due to the packing of the nanocrystals.
It will also absorb molecules from the air over time (H,0/0,),

which will contribute to a large spike in the dielectric constant
along with interfacial polarizations (space charge) as seen in
Fig. 4(a). This higher dielectric constant and dielectric loss is
observed in the lower frequency range (~100 Hz) and is due to
the aforementioned space charges and surface absorbed mole-
cules whose polarization direction cannot deal with the switch-
ing frequency of the AC electric field.*" The dielectric loss and
dielectric constant eventually smooth out at higher frequency
(<10 Hz) because the intrinsic dielectric properties of the
KNbO; or KBNNO nanocrystal become dominant.

In striking contrast, the KNbO3;/PFA and KBNNO/PFA nano-
composites show very stable dielectric loss and dielectric con-
stant over a wide range of frequencies (Fig. 5). As expected, the
¢err decreases moderately towards higher frequencies and the
dielectric loss shows a slight increase. The overall stability
in ¢ and loss is due to the infiltration of the PFA polymer,
filling of the majority of the void space between the nanocrys-
tals (Fig. 6(a) before, Fig. 6(b) after infiltration). Although air
molecules may still be present within the polymer portion, the
filling of the void space significantly suppresses space charge
accumulation and M-W-S effects at the material-electrode
interface.

The effective dielectric constant of the nanocomposites were
calculated based on the generalized technique of impedance
analysis and conversion to capacitance, in this case using an
Agilent E4980A Precision LCR Meter. The measurement requires
a precise value of area (4) of the electrodes and thickness (d) of
the nanocomposite, in order to determine the effective dielectric

A .
constant, e, from C = (Seffﬁ())g. Values are presented in Table 1.
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Table 1 Comparison of dielectric properties of KNbOs/PFA and KBNNO/
PFA nanocomposites (taken at 1 MHz)

Effective dielectric

constant, ¢.¢r, of  Dielectric Volume fraction of

Sample nanocomposite loss nanocrystals (%)
KNbO;/PFA 41.2 0.02 ~51
nanocomposite

KBNNO x = 0.1/PFA  70.8 0.03 ~67
nanocomposite

KBNNO x = 0.2/PFA  94.0 0.05 ~67
nanocomposite

KBNNO x = 0.3/PFA 108.3 0.04 ~68
nanocomposite

A full description of how the measurement is calculated,
combined with a comprehensive error analysis, is provided in
the ESIt (510). The e of the nanocomposites was observed to
increase with increasing x. This is consistent with the high
frequency . values for the nanoparticle pellets without poly-
mer (Fig. 4): at high frequency a value closer to the intrinsic
value of the material can be assumed.

The determination of the average dielectric constant of
individual nanoparticles of the oxide embedded in a host
matrix (the PFA filler) was performed using the Kerner model
described above. The Kerner model is a treatment for a high
volume fraction of filler and a lower volume fraction of host,
based on spherical particles. We therefore observe that our
calculations of dielectric constants will depend on (i) accuracy
of the volume fraction calculations, based on volume and mass
of the pellet; (ii) accuracy of the Kerner model, including
principles and practice. The volume fraction calculation and
uncertainties can be determined based on volume, mass and
density of filler (see ESI,¥ S10). It was found that the Kerner
model cannot account for a high effective dielectric constant at
these calculated volume fractions. Given the calculated error in
the effective dielectric, it is very difficult to obtain a reasonable
value for the intrinsic dielectric constant of the nanoparticle
using the Kerner model.

Another composite model has been proposed by M. Ezzat
et al.,’” which takes into account particle shape/orientation
as well as the interphase spacing between nanoparticles. The
model is based on the interphase power-law model®” yet with
an introduced technique to predict the interphase dielectric
constant. Within the interphase may lie air, matrix, and filler
atoms, all of which may affect the interactions between nano-
particles embedded in a nanocomposite. When modeling a
nanocomposite consisting of nanoparticle fillers and a polymer
host, there is a considerable amount of air in the interphase
region. Therefore the interphase dielectric constant can be
attributed to polymer and air:

d=el+ @a(1 — 8@

Above, ¢; is the dielectric constant of the interphase, ¢, is the
dielectric constant of the polymer, ¢, is the volume fraction of
air within the interphase, and f is a dimensionless parameter
depending on the shape and orientation of the filler. For
spherical nanoparticles, f = 1/3. An overall formula for the
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effective dielectric constant (e.g) using the interphase dielectric
can written as:

b = (plgf +(1 —(pl)ag +o'(1 —9/25)

Where ¢, is the filler volume fraction, ¢, is the filler dielectric
constant, and ¢’ is:

At volume fractions lower than ~0.80, the interactions of
nanoparticles with the surrounding interphase becomes impor-
tant to incorporate into a standard field approximation. The
dielectric constant of KNO and KBNNO x = 0.1-0.3 was deter-
mined by using the modified interphase model*® and was
calculated to be 154, 180, 225, and 255 respectively. In compar-
ison, a range of values have been reported previously with varying
experimental parameters, such as frequency and morphology:
Krad et al.*® synthesized nanoplates of KNbO; and obtained a
value of ~200 at 1 MHz at 100 °C, Birol et al.* report a value of
>1000 at 1 MHz at room temperature for the solid state synthesis
of KNbQ;, and Shirane et al.*® reported a value of >500 at 10 kHz
at room temperature for the single crystalline orthorhombic
KNbO;. Additional values are reported.*'** KBNNO, being a
relatively new material, did not have as many tabulated values
to compare to except for Grinberg et al.® in which the dielectric
constant, k, for bulk KBNNO is ~520 for x = 0.1, ~310 for
x=0.2,and ~280 for x = 0.3 in the temperature range 300-600 "C.
There is an apparent absence of phase dependent behavior in this
range until >600 °C, at which point a decrease in k for higher
x and an increase in k for lower x is observed. The frequency of
the measurement was not provided, making a direct compar-
ison difficult, but it would appear that the opposite trend was
observed in the case of nanocrystalline versions of KBNNO at
1 MHz, taking into account error margins in the assessed
values. It could be that the bulk KBNNO has ferroelectric
domains that are contributing to the dielectric values observed
(which subsequently reverse at high T commensurate with a
phase transition), and that in the case of the 20 nm nanocrystal-
line composite measured here, a suppression of this effect is
observed and the contribution of the Ba, Ni doping, gives
an increase in the k, with increasing dopant concentration.
Furthermore, the orientation dependence of the crystallites,

known to greatly affect the electrical response,*>*®

may be playing
a role in the outcome. In the case of PFA-KBNNO nanocompo-
sites, the crystallites are not perfectly spherical and are randomly
oriented throughout the matrix, significantly different than a
bulk crystal. We additionally suggest that the effect of crystallite
size has a strong influence on the ferroelectric behavior of the
material, reflected in the dielectric measurement, and consistent
with observations in other perovskite systems:*” a lower value in
dielectric constant is to be expected for nanocrystalline KNO and
KBNNO x = 0.1-0.3 synthesized by gel collection because of the
size of the nanoparticles (~20 nm). It is proposed that a size
dependent suppression of ferroelectricity in the nanoparticles
could likely lead to a lowering of the dielectric constant. This
supposed size dependent suppression is also observable in the
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Raman spectrum, noticeable in the less pronounced, but still
present frequency dip in the Raman spectrum at 200 cm ™, as

shown in Fig. 3(a) and (b).

Conclusion

In conclusion, nanocrystalline samples of KNbO; and KBNNO
x = 0.1-0.3 were synthesized through use of the gel collection
method, shown to be well crystallized and on the order of
15-20 nm depending on concentration of BNNO. Structural
characterization shows an orthorhombic to cubic phase transi-
tion upon BNNO substitution into the crystal unit cell. A method
for preparing dense PFA-perovskite oxide composites produced
0-3 nanocomposites with effective dielectric constants of 41.2
for KNbOj3, 70.8 for KBNNO x = 0.1, 94.0 for KBNNO x = 0.2, and
108.3 for KBNNO x = 0.3. A full error analysis was conducted in
order to ascertain the accuracy of the dielectric measurements.
In the case of the PFA-KBO/KBNNO nanocomposites, we report a
stable dielectric constant and low dielectric loss over the fre-
quency range 100 Hz-2 MHz. Through the use of the modified
interphase model,*® the dielectric constants of KNbO; and
KBNNO x = 0.1-0.3 were calculated to be 154, 180, 225, and
255 respectively. These values are high when compared to many
other oxide materials and demonstrate the potential for high
energy density capacitance. Given the size of the nanoparticles,
a size dependent suppression of ferroelectricity, further sup-
ported through Raman spectroscopy, is proposed to be the cause
of a decrease in the dielectric constants when compared to bulk
KNO and KBNNO.
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